The homogeneous line broadening in EDF leads to unstable lasing and strong mode competition. In this paper a multiwavelength fiber ring laser that overcomes these effects by using variable attenuators between the DWDM and 1×N coupler, has been proposed. Fiber ring lasers with four and eight wavelength outputs are implemented, and we show that the output powers can be adjusted with stable operation. The EDF ring laser has one four-wavelength output and four of single wavelengths, with OSNR of 50 and 60 dB respectively.
I. INTRODUCTION
Multiwavelength lasers have been extensively investigated for WDM communication systems, sensors, photonics truetime-delay (TTD) of beam-forming systems and optical signal processing. [1] Especially, the fiber ring laser using EDF (erbium-doped fiber) as a gain medium has been commonly used because of its simple configuration, high extinction ratio, cost effectiveness and low insertion loss. However, the large homogeneous line broadening in EDF leads to the unstable lasing and the strong mode competition at room temperature. As a result, the gain will be clamped by the resonator loss at only one lasing frequency. To overcome the effects, the separate gain medias have to be used for each wavelength channel. [2] [3] [4] These fiber laser are used EDFAs same as the number of lasing lines. Several techniques to suppress the effect of homogeneous line broadening at room temperature such as immersing in liquid nitrogen cooling EDF down to a cryogenic temperature for making it become a nonhomogeneously broadening medium, [5] utilizing a frequency-shifted feedback technique insert an acousto-optic frequency shifter into the resonant cavity to achieve multi-wavelength oscillation at room temperature, [6] using twin-core fiber [7] and using photonic crystal fiber. [8] The acousto-optic frequency shifter is replaced by a sine phase modulator composed of a several-meter fiber around a cylindrical piezoelectric transducer (PZT) [9] and was complemented with a gain flattening filter for output power uniformity. [10] Subsequently, the insertion loss is reduced and source-driven frequency is lowered. However, the output power uniformity is very poor owing to no effort made to equalize the output powers of lasing lines. The uniformity is further improved by Slavik et al., [11] but the cavity loss is high, which increases the amplified spontaneous emission (ASE) noise at lasing wavelengths. Many of fiber lasers do not have uniform output power at each lasing lines. In this paper, we have proposed and experimentally demonstrated a multiwavelength EDF ring laser using variable attenuators, which have adjustable output powers of lasing lines at each wavelength. The fiber laser has an output port of multiwavelength and output ports for each single wavelength. Figure 1 shows a configuration of multiwavelength EDF ring laser which is capable of adjusting the power of each lasing lines. In the multiwavelength EDF ring laser, a Fabry-Perot filter is used to select for the lasing line wavelengths. Polarization controller (PC), isolators and optical coupler are used. In this paper, we used DWDM (dense-wavelength division multiplexing) to divide the lasing lines and 1×N coupler to combine wavelengths, and attenuators to adjust the attenuations of each lasing lines suppressing the homogeneous line broadening of Initially, ASE of EDF pass through the FP (Fabry-Perot) filter and the wavelengths of each lasing lines are divided into each channel bandwidths of DWDM. The channel separation of the DWDM and FSR (free spectral range) of FP filter should be almost the same.
II. PRINCIPLES OF OPERATION AND SYSTEM CONFIGURATION
The power of lasing lines are divided by four of 1×2 couplers (4 of single wavelength outputs), therefore one half of the line power emitted to single wavelength laser output and the rest of the line power launched into attenuator which make a equal gain of the ring for the uniform lines power. 1×4 coupler is used to add powers of separated channels and can be replaced by other DWDM to reduce the coupling loss of the ring laser. Figure 2 shows the output spectrum of the fiber ring laser, when the variable attenuators are removed in the multiwavelength fiber laser configuration of Fig. 1 . OSA (optical spectrum analyzer), Anritsu MS9710B is used to measure the optical spectrum. We can observe unstable oscillation and mode competition that result from the homogeneous line broadening in EDF at the room temperature. Figure 3 shows the output spectrum of proposed multiwavelength fiber ring laser after the variable attenuators are connected as shown in Fig. 1 and adjusted. The multiwavelength EDF ring laser is operate well overcoming the homogeneous line broadening.
III. EXPERIMENTAL RESULTS OF OPTICAL FIBER RING LASER
The transmittance of FP filter is shown in Fig. 4 , which is measured by optical dispersion analyzer (Agilent 86038A). FSR of FP filter is ~1.58 nm in this study. 16 channels DWDM that have the channel separation of 200 GHz, the bandwidths at -0.5 dB of 0.88-0.97 nm for the each channels and the optical return loss of ＞45 is used. In this experiment, because the channel 1, 6, 11 and 16 of DWDM are used, the lasing line separation is ~8.2 nm (5 times of 200 GHz). OSNRs (optical signal to noise ratio) more than 50 dB for the four wavelengths of 1535.8, 1543.9, 1552.1 and 1560.5 nm, are obtained after adjusting the attenuation of variable attenuator for gain equalization of multiwavelength line output. The power of lasing lines are about -23 dBm as shown in Fig. 5 , which is measured on power scale of 10 dB/div using MS9710B of Anritsu Corp.
For stability measurement of the output power of the proposed fiber ring laser, the optical spectrum analyzer is also used. Figure 5 shows the output spectra of the multiwavelength EDF laser repeatedly measured 16 times with 10 minutes interval on room temperature and the power fluctuation was measured to be less than 1 dB. The output spectrum of the proposed multiwavelength erbium-doped fiber ring laser was stable. Figure 6 shows spectrum for the single-wavelength output at 1552.1 nm, which is emitted from 50:50 coupler between DWDM and 1×4 coupler. OSNR of 65 dB and the line powers of -2.6 dBm are obtained.
The 4-wavelength EDF laser with uniform power output was introduced. To increase the number of wavelengths to N, number of DWDM channels, variable attenuators, 1×2 couplers and branch of 1×N coupler should be N. Figure 7 shows the spectra of 8-wavelength outputs of proposed EDF ring laser in the case of uniform output power. The peak power of each lasing lines are about -32 dBm at the multiwavelength output. Figure  8 shows the spectrum of increasing output power as decreasing wavelength, when single wavelength outputs in Fig. 1 are removed. The powers for each line are between -14 and -65 dBm. Figure 9 and 10 shows the spectrum of the increasing output power as going to center wavelength and at the odd line wavelength, respectively. These figures are show that the power distribution for lasing lines can be change adjusting variable attenuators.
In this study, the output power of lasing lines can be changed by adjusting the attenuation of variable attenuator in order to suppress homogeneous line broadening in EDF. The fiber ring laser was also implemented to obtain a multiwavelength output by using 30:70 coupler and single-wavelength outputs by using 50:50 couplers between DWDM and 1×N coupler. Lasing wavelengths of proposed optical fiber ring laser could be changed in the range of DWDM bandwidth by adjusting the voltage of Fabry-Perot filter. 
IV. CONCLUSION
In this paper, we proposed a multiwavelength EDF ring laser. The fiber ring laser have a multiwavelength output and N-single wavelength outputs. The variable attenuators between the DWDM and 1×N coupler in the fiber ring are used to give different gain for each lasing line wavelengths. We found that the use of variable attenuators make it possible to overcome the homogeneous line broadening of EDF on room temperature in the fiber ring laser.
The 4 and 8-wavelength fiber ring lasers are implemented. We showed that the each output lasing line powers could adjust stably using variable attenuators. In this experiment, OSNR of implemented laser for multiwavelength and singlewavelength outputs was ~50dB and ~65 dB OSNR, respectively. The fiber ring laser can be used for optical source, optical sensing, optical repeater, sensor system and photonics true-time delay for beam-forming.
